A B S T R A C T The direct effects of steroid hormones on the production of immunoglobulins and DNA synthesis by human T and B lymphocytes was evaluated in cultures of peripheral blood mononuclear cells. As detected by a reverse hemolytic plaque assay, the addition of 0.1 mM to 10 nM hydrocortisone to lymphocytes in culture in the absence of other stimulants or mitogens, resulted in the dramatic induction of immunoglobulin production with responses comparable to those seen in similar cultures stimulated with pokeweed mitogen. Steroid-stimulated immunoglobulin production was first seen after 48 h and peaked at 8-10 d of culture. The production of IgG, IgA, and IgM was induced following incubation with steroid. Glucocorticoids, but not estrogens or androgens, were capable of mediating this effect, and only compounds with affinity for the glucocorticoid receptor were active. The induction of immunoglobulin production was dependent on both T cells and monocytes; cultures depleted of either cell type did not produce immunoglobulin when stimulated with glucocorticoid hormones. Proliferation of B cells or T cells could not be detected by [3H]thymidine incorporation or total cell recovery from steroid-stimulated cultures, even though such cultures demonstrated marked increases in immunoglobulin production. The mechanism responsible for this functional maturation of B cells to become high rate immunoglobulin producing cells is as yet undefined, although it appears to involve more than merely steroid mediated inactivation of suppressor T cells.
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INTRODUCTION
Corticosteroid modulation of immune responses has been the focus of a great deal of research in both human and animal systems. Although steroids are generally regarded as immunosuppressive agents, all components of the immune system are not equally affected by these compounds, and at times steroid actions on different components appear to be antagonistic. For example, conflicting data have been published regarding effects of steroids on B cells and antibody production. In vivo, steroids are known to cause transient lymphopenia in the peripheral blood of man with a much more pronounced depletion of T cells than B cells resulting in a relative increase in the percentage of circulating B cells compared with T cells (1, 2) . However, the B cells obtained from peripheral blood following in vivo treatment with glucocorticoids have been reported to produce less than normal amounts of immunoglobulin in culture (3) .
Early studies evaluating in vivo effects of relatively low doses of steroids reported no significant effect on serum immunoglobulin levels in man (4) . More recent findings suggest that high dose administration of steroid results in modest decreases in serum immunoglobulins, particularly IgG and IgA, which may persist for periods of several months after treatment is stopped (5, 6) . Specific antibody synthesis in man, however, has not been shown to be suppressed by corticosteroids, and in one study, enhancement was demonstrated (7) . In young chickens, treatment with cortisone resulted in the mobilization of B lymphocytes from the Bursa and enhanced the differentiation into mature immunoglobulin secreting plasma cells in the peripheral lymphoid tissues (8) . Several in vitro studies of immunoglobulin production by human lymphocytes have also revealed a stimulatory effect of steroids (9, 10) . In some instances where suppressor cells are known to be present, steroids appear to enhance in vitro immunoglobulin synthesis, and this response has been thought to reflect inactivation or inhibition of suppressor cell function (11, 12) . While evaluating in vitro steroid action on suppressor cells, we noted the ability of glucocorticoids, in the absence of any known mitogen, to markedly enhance immunoglobulin production. The further definition of this observation is the subject of this report.
METHODS
Preparation of mononuclear cells. Heparinized blood was obtained from healthy adult volunteers and the mononuclear cell population prepared by standard density gradient centrifugation on a mixture of sodium diatrizoate and Ficoll (LSM, Bionetics, Kensington, Md.).
Preparation of B and T cell populations. The mononuclear cell population was mixed with 2-aminoethylisothiouronium bromide (AET)'-treated sheep erythrocytes (SRBC) (13) at a ratio of 1:150 and incubated for 2 h at 40C. The erythrocyte-lymphocyte mixture was then gently resuspended and the rosetting cells were separated from those failing to form rosettes on another LSM gradient. The SRBC were removed by lysis with an NH4Cl-lysing buffer. The rosetting population was demonstrated to contain -97% rosettepositive cells, and will be referred to as the "T cell population." The interface, nonrosetting cells, contained B lymphocytes, monocytes, "null" cells and <3% E rosette-positive cells and will be referred to as the "B cell population."
Lymphocyte culture. The cell populations were suspended at 1 Comparison of glucocorticoids and nonglucocorticoids on the induction of IgSC production. Evaluation of the dose effects of hydrocortisone yielded the curve seen in Fig. 3 T cell and monocyte dependence of the glucocorticoid effect. In order to assess the question of cellular cooperation necessary for the glucocorticoid effect, we examined the response of B and T cell populations to hydrocortisone. As shown in Fig. 4 , PWM is a T cell-dependent polyclonal B cell activator, having little effect on a purified population of B cells. In contrast, EBV is able to activate B cells directly to become IgSC, thus functioning as a helper T cellindependent activator. Hydrocortisone enhancement of IgSC production proved to be T cell dependent, the B cell fraction alone being unresponsive to hydrocortisone. With the addition of T cells, marked immunoglobulin production was again noted.
Because T cell-dependent polyclonal activation appears to be correlated with monocyte dependence, we examined the role of monocytes in glucocorticoid stimulation. Removal of phagocytic cells with iron filings results in populations of lymphocytes containing <2% monocytes. The addition of hydrocortisone to phagocyte-depleted cultures resulted in no enhancement in immunoglobulin production contrasted with the marked increases seen in unseparated populations (Fig. 5) . Such monocyte-depleted cells, however, are still extremely sensitive to stimulation by a monocyte independent B cell activator such as EBV.
Effect of T cell irradiation or steroid pulsing on steroid-induced Ig production. Since Effect of the serum source on steroid-induced immunoglobulin production. To determine whether the stimulation of immunoglobulin production by steroids was related to the particular serum source used to supplement the culture medium, six different lots of fetal calf serum were tested. Each of these FCS lots, as well as horse serum, was able to support steroidinduced immunoglobulin production. Table II shows data from two additional experiments demonstrating that this response can also be obtained when certain normal human serum samples are used to supplement the culture medium.
DISCUSSION
The polyclonal induction of immunoglobulin production in cultured human lymphocytes by glucocorticoids A critical question is whether the culture conditions might be contributing some unidentified stimulus which synergizes with the steroids to promote immunoglobulin production. It is very difficult to exclude this possibility with certainty. FCS has stimulatory effects in many culture situations and contains several growth factors and probably endotoxin. Certainly "background proliferation" in cultures of human peripheral blood lymphocytes supplemented with FCS is often considerably higher than such "background proliferation" in cultures supplemented with normal human serum (NHS). For this reason, we tested whether corticosteroids would induce immunoglobulin production in cultures of human lymphocytes supplemented with NHS rather than FCS. As shown (Table II) , certain cultures containing NHS could also respond with immunoglobulin production when hydrocortisone was added, suggesting that these observations were not the result of hydrocortisone providing a "permissive environment" for some cryptic mitogen present in FCS to induce B cell maturation. However, it must be noted that -90% of human sera tested failed to support steroid-induced immunoglobulin production. Interestingly, mixtures of these nonsupportive human sera with FCS actually suppressed the expected steroid-induced response suggesting that these human sera are inhibitory rather than lacking the "cryptic mitogen." This inhibitory activity of human serum presumably explains the failure to demonstrate steroid-induced immunoglobulin production in systems employing media supplemented with pooled human serum (10) .
The observation that steroids induce a marked increase in immunoglobulin production in culture without inducing significant cellular proliferation is also striking. Considerable evidence has been presented demonstrating that B cells may be induced to proliferate extensively, as with anti-immunoglobulin stimulation, without differentiating to produce immunoglobulin (18, 19) . More recently, the differentiation or maturation of B cells to immunoglobulin production without concomitant proliferation has also been reported in both murine and human systems (20) (21) (22) (23) . In the mouse, evidence suggests that the differentiating cell population is separate from the proliferating one or that maturation occurs in two stages or requires two signals, with one stage proceeding in the absence of DNA synthesis (24) (25) (26) . Studies with human lymphocytes evaluating this issue have yielded conflicting data. It appears that the activation of antigen specific B cells may result in immunoglobulin synthesis without a detectable proliferative response. Geha (27) demonstrated antibody synthesis without proliferation in human B cells in the presence of T cell helper factors stimulated with ragweed antigen. In addition, certain leukemic B cells appear to be able to mature to plasma cells in the presence of PWM and autologous T cells without concomitant cell division (28 (31) (32) (33) . However, the mechanisms by which steroids act are still not completely de- fined, although the model most consistent with much of the current data suggests that glucocorticoids freely enter the cell and bind to their specific steroid-binding receptor in the cytoplasm. This complex is then transported to the nucleus and signals RNA synthesis. In humans, the number of glucocorticoid receptors of a given cell does not appear to correlate with its sensitivity to the effects of steroids (29, 34) . Thus, although B cells, T cells, and monocytes all contain large numbers of glucocorticoid receptors, they do not appear to be equally affected by glucocorticoids. Studies are currently in progress in our laboratory to determine whether B cells, T cells, or monocytes are the primary targets mediating glucocorticoid stimulation of immunoglobulin production.
It has been repeatedly observed that glucocorticoids may exert profound effects on certain T cell functions while leaving other T cell functions totally intact. In steroid sensitive species such as the mouse, corticosteroids lyse the majority of thymocytes leaving only a small population of functionally active cells that behave quite differently from the entire thymocyte population in many respects. In steroid-resistant species such as man, corticosteroids have also been shown to have striking differential effects on functionally distinct lymphocyte subpopulations. Waldmann et al. (11) demonstrated that suppressor T cells from patients with common variable hypogammaglobulinemia could be inactivated in vitro by the addition of hydrocortisone to the cultures, and that helper T cell activity was preserved in these cultures. Similar steroidsensitive T cells have been demonstrated in a variety of pathologic and physiologic situations in man, including studies of patients with infectious mononucleosis (12) , in vitro immunoglobulin production by cord blood lymphocytes (35) , and in mixtures of normal lymphocytes at high T:B ratios where suppression is commonly seen. We have previously shown that low dose hydrocortisone (1 AM) blocks proliferation in the autologous mixed lymphocyte reaction (MLR) while not affecting the allogeneic MLR (36) and the proliferating cell in the autologous MLR has been demonstrated to be a suppressor cell in some systems (37) . Thus, since suppressor T cells appear to be particularly sensitive to inactivation by glucocorticoids, the possibility must be considered that the steroids in our experiments are inactivating a natural suppressor T cell which is important in preventing the spontaneous maturation of B cells to immunoglobulin production. There is scant evidence supporting "spontaneous maturation" but no entirely satisfactory system has been used to study this issue. In our experiments, isolated B cells cultured with or without steroids did not spontaneously mature into IgSC. In most systems in which T suppressor cells are inactivated by steroids, they are also preferentially inactivated by irradiation (e.g. common variable hypogammaglobulinemia, infectious mononucleosis, newborns). However, purified B cells mixed with irradiated T cells as a source of suppressor-depleted T cell help also did not spontaneously mature to secrete immunoglobulins. If glucocorticoids were added to the mixture of B cells and irradiated T cells, augmented maturation of the B cells to immunoglobulin secretion was seen. This does not rule out the possibility that a radioresistant, steroidsensitive suppressor T cell could be responsible for preventing spontaneous B cell maturation, but such a postulated suppressor cell must have properties quite different from those of suppressor cells defined to date. Perhaps experiments employing T helper factors in place of intact T cell populations mixed with steroidstimulated B cells will resolve this issue.
Another potential explanation for these observations is that glucocorticoids are important for the normal maturation process of B cells to become IgSC. In this case, the cells which mature to immunoglobulin production in vitro with steroid stimulation were primed "in vivo" and are merely completing their normal sequence of maturation in a (now) more appropriate in vitro environment (i.e., one containing glucocorticoids). If (38) , the number of high rate IgSC may represent only 10-25% of cells identifiable as containing intracytoplasmic immunoglobulin in cultures of human lymphocytes stimulated with PWM. In addition, the number of lymphocytes with intracytoplasmic immunoglobulin in control cultures (i.e., no mitogen added) is also often much higher than the "background" level of IgSC and more nearly approaches the number of IgSC seen in steroid containing cultures. These cytoplasmic immunoglobulin-containing cells which do not secrete enough immunoglobulin to be detected in the reverse hemolytic plaque assay may represent senescent cells or perhaps abortively differentiated B cells or even a type of B memory cell. Experiments are in progress to determine if steroids alter the ratio of high rate IgSC to cells containing intracytoplasmic immunoglobulin as detected by immunofluorescence. If steroids were to induce a higher ratio of immunoglobulin secretion by this type of B cell, then the lack of proliferation might be more easily understood. As potential support for the concept that steroids are inducing immunoglobulin secretion by a more mature B cell is the observation that human cord blood lymphocytes do not respond to steroid stimulation with increased IgSC in culture (39) . Cord blood B cells are immature in that they respond less well than adult B cells to in vitro stimulation with PWM or EBV, they are restricted to production of IgM, and of course, they should have few memory B cells. Furthermore, the steroid-induced response in adult lymphocytes tends to parallel expected memory B cell frequency. For example, normal subjects produced little IgE in cultures stimulated with PWM, EBV, or hydrocortisone. However, glucocorticoids induce a high level of de novo IgE synthesis in lymphocytes from some atopic patients, even though stimulation with PWM or EBV fails to induce such synthesis. 3 These observations of the capacity of steroid hormones at physiologic concentrations in vitro to induce the maturation of certain B cells to actively secrete immunoglobulin obviously raises a great many questions regarding the potential role of these hormones in the normal function of the immune system and in particular, the maturation and differentiation of B cells and the cellular cooperative events associated with these B cell changes. Although there are few answers to these questions as yet, recognition of the presence of this hormone effect may be essential for a clearer understanding of many experimental systems addressing basic questions of differentiation and maturation of immunologic functions.
